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1. INTRODUCTION 
 
1.1. One enzyme for multiple tasks: a “moonlighting” protein 
Fungal laccases can be listed among the most interesting enzymes since 
the nineteenth century. They are involved in multiple functions, such as lignin 
degradation, development associated pigmentation (melanin synthesis), 
detoxification and pathogenesis and so have been classified as moonlight 
enzymes (Sharma and Kuhad, 2008). Their crucial involvement in both the 
complex processes of synthesis and degradation of lignin has lured the 
attention of many researchers. Due to their intense ligninolytic activity, white-rot 
fungi such as Coprinus cinereus have been accounted to represent the highest 
laccase producers in nature. Thus, white-rot fungi gene structure and enzymes 
catalytic activity have been extensively studied and characterized during last 
decades, albeit some moiety of uncertainty still refrained from different laccase 
genes that were probably originated by subsequent duplications events. The 
presence of such a large number of homologous genes has given place to 
several hypotheses regarding the origin of selective expression of multiple 
factors as response to environmental variability. Despite of their catalytic site’s 
strong conservation among different organisms, laccases can play a completely 
different role as attention is focused far from ligninolytic Basidiomycetes. As an 
example in ascomycete Trichoderma virens, laccases have been proposed to 
be involved in melanin degradation during fungal mycoparasitic activity on 
soilborne sclerotia, while their implication in ligninolytic activity is not yet clearly 
proved. Nevertheless, six putative laccase genes have been recently identified 
in T. virens genome; indeed it could become interesting to trace down their 
physiological role and possibly shed light on the characteristics differencing it 
from the far well known model of lignin degradation. Fast growing applications 
in several biotechnological processes claim for considerably improving the 
understandings of molecular triggering and regulation of laccases in fungal 
organisms.  
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1.2. Laccases 
The first laccase was discovered and characterized by Yoshida in the 
exudates of Rhus vernicifera, the Japanese lacquer tree (Yoshida, 1883), and a 
few years later its presence was also demonstrated in fungi (Bertrand, 1896). 
The presence of laccase-like enzymes has been reported in bacteria (Claus and 
Filip, 1997; Givaudan et al., 1993) as well as in insects (Hopkins and Kramer, 
1992; Kramer et al., 2001). Although laccases could be found in such different 
organisms as bacteria, plants, insects and fungi; these latter, and especially 
wood-rot fungi (Basidiomycetes), are the main producers in nature. Plant 
laccases, principally detected in mango, mung bean, peach, pine, prune, and 
sycamore (Xu, 1999) participate in the radical-based mechanisms of lignin 
polymer formation (Hoopes and Dean, 2004), whereas in fungi laccases 
probably have more roles including morphogenesis, fungal plant-pathogen/host 
interaction, stress defense and lignin degradation (Thurston, 1994). All fungal 
laccases are glycoproteins (Mayer and Staples, 2002) which play an important 
role in lignification and delignification processes occurring in natural 
environment. Despite the extracellular localization of most eukaryotic laccases, 
bacterial laccase-like proteins are intracellular or periplasmic proteins (Claus, 
2003) but their known activity is restricted to a limited number of prokaryotic 
groups (Martins et al., 2002). Nevertheless, bacterial laccases appear to have a 
role in many biological processes as like as morphogenesis (Sharma et al., 
2007), biosynthesis of the brown spore pigment protecting against UV light and 
hydrogen peroxide and copper homeostasis (Roberts et al., 2002). Due to their 
mainly extracellular localization and stability, fungal laccases can be easily 
purified and utilized in a vast number of biotechnological processes such as 
delignification of lignocellulosics for biomass production, biopulping and 
biobleaching in paper manufacturers (Widsten and Kandelbauer, 2008), textile 
dye transformation (Liu et al., 2004), removal of phenolics compounds from 
must and wine (Minussi et al., 2002), waste effluent treatment (Gianfreda et al., 
2006), fossil fuel desulfurization (Villaasenor et al., 2004), coal biosolubilization 
(Fakoussa and Frost, 1999), herbicides degradation (Jolivalt et al. 1999), food 
treatment (Selinheimo et al., 2007), cosmetology (Golz-Berner et al., 2004) and 
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development of biosensor and immunochemical applications (Cordi et al., 2007; 
Yaropolov et al., 1994). 
 
1.3. Biochemistry of laccases 
Laccases (benzenediol: oxygen oxidoreductases, EC 1.10.3.2) are a 
group of mostly extracellular multi-copper containing enzymes that catalyze 
one-electron oxidation of phenolic compounds with concomitant reduction of 
oxygen to water without intermediate production of hydrogen peroxide. On a 
closer look, laccases are able to oxidize a broad range of substrates such as 
polyphenols, methoxy-substituted phenols, aromatic diamines and other 
compounds, except for tyrosine. This wide substrate affinity allows laccase to 
take part in many reactions such as cleavage of alkyl-phenyl, Cα – Cβ bonds and 
phenolic lignin dimers (Higuchi, 1990), demethoxylation (Kirk et al., 1978), 
demethylation, polymerization, and depolymerization (Milstein et al., 1994). The 
organic substrates of laccases can be tentatively divided into three groups: 
ortho-, meta-, or para-substituted compounds with a lone electron pair. Ortho-
substituted compounds (e.g., guaiacol, o-phenylenediamine, pyrocatechol, 
dihydroxyphenylalanine, pyrogallol, caffeic acid, gallic acid, and protocatechuic 
acid) are the best substrates for most laccases, unlike para-(p-
phenylenediamine, p-cresol, and hydroquinone) or meta-substituted compounds 
(m-phenylenediamine, orcinol, resorcinol, and phloroglucin) (Baldrian 2006; Xu, 
1996). Apart from organic compounds, laccases catalyze oxidation of some 
inorganic ions: [Mo(CN)8]4-, [Fe(CN)6]4-, [Os(CN)6]4-and [W(CN)8]4-. They also 
oxidize Mn2+ with the presence of chelating agents (Schlosser and Höfer, 2002). 
However, not all substrates can be directly oxidized by laccases, either because 
of their large size which restricts their accommodation into the enzyme active 
site or because of their particular high redox potential. Typical laccases’ redox 
potential never exceeds 800 mV, therefore leading to the early assumptions that 
their contribution to lignin degradation was secondary in respect to other high-
potential oxidative enzymes such as peroxidases (Li et al., 1999). 
Notwithstanding, suitable chemical mediators can be used so they act as 
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intermediate substrate for laccase, whose oxidized radical formed are then able 
to interact with high-redox potential substrate targets (Riva, 2006).  
 
 
 
As an example, Trametes hirsuta laccase with the presence of ABTS and 
Remazol blue as mediators could oxidize non-phenolic lignin components with 
redox potentials even over 1.4 V such as veratryl alcohol and 1-(3,4-
dimethoxyphenyl)-2-(2-methoxyphenoxy) propane-1,3-diol (Bourbonnais and 
Paice, 1990). These laccase mediators have also been subjected to intense 
study in order to develop reliable enzymatic activity tests. An ideal mediator 
should indeed be a good laccase substrate with stable and easily detectable 
oxidized and reduced forms which will not inhibit the enzymatic reaction 
(Morozova et al., 2007). The diammonium salt named 2,2’-azino-bis-(3-
ethylbenzthiozoline-6-sulphonic acid) 
(ABTS) (fig. 1) was found to be the 
best candidate (Bourbonnais and 
Paice, 1990). Electrochemical 
oxidation of ABTS sequentially 
produces the ABTS●+ cation radical in 
a fast first stage, followed by slow 
generation of the ABTS2+ dication. 
Cyclic voltammetry studies have 
shown that the redox states of ABTS 
are stable and reversible, having 
formal redox potentials of 472 mV for 
the ABTS/ABTS●+ couple and of 885 
mV for ABTS●+/ABTS2+ against the 
Ag/AgCl reference electrode 
(Bourbonnais et al., 1998). Therefore, 
ABTS radical cation formed by 
Fig. 1. Oxidation of ABTS in the presence 
of laccase. 
1. INTRODUCTION 
_______________________________________________________________________________________________ 
5 
 
laccase enzymatic oxidation mainly interacts with low/medium-redox potential 
lignin phenolics groups, whereas ABTS radical dication formed at a later stage 
of reaction could interact with high-redox non-phenolic lignin structures. 
Actually, most of the interest is focused on the formation of ABTS●+, which 
consequently develops a characteristic greenish colorization that allows 
classical spectrophotometric monitoring on the solution. Along with former 
mediators numerous compounds, especially the ones able to form stable 
copper complexes, have been also tested as laccase inhibitors. The most 
common compounds applied are dithiothreitol (DTT) (Haars and Hüttermann, 
1980), thioglycolic acid (TGA) (Leatham and Stahmann, 1981), cysteine (Bollag 
and Leonowicz, 1984), diethyldithiocarbamic acid (DDC) (Thakker et al., 1992), 
ethylene-diamine-tetra-acetic acid EDTA (Slomczynski et al., 1995), sodium 
fluoride (Eggert et al., 1996), and sodium azide (NaN3) (Chefetz et al., 1998). 
However, these inhibitors are not laccase specific as long as they rather react 
with the oxidized radical cation (ABTS●+), reducing it back to colorless ABTS 
and thus virtually keeping the enzymatic reaction from accumulating the 
oxidized product whenever its concentration was lower than the inhibitor’s one. 
Only sodium azide, even at low concentration (1 mM), seems to act as a true 
enzymatic inhibitor due to its interference with the O2 uptake of laccase 
(Johannes and Majcherczyk, 2000). 
 
1.4. Fungal laccases: distribution among Phyla 
Laccase activity has been demonstrated in many fungal species and the 
enzyme has already been purified from tens of species (Baldrian, 2006). Except 
for Zygomycetes and Chytridiomycetes, laccase is produced by most of 
taxonomic or physiological groups of fungi.  
Laccase was purified from phytopathogenic ascomycetes such as 
Gaeumannomyces graminis (Edens et al., 1999), Magnaporthe grisea (Iyer and 
Chattoo, 2003) and Ophiostoma novo-ulmi (Binz and Canevascini, 1997), as 
well as from Mauginella (Palonen et al., 2003), Melanocarpus albomyces 
(Kiiskinen et al., 2002), Monocillium indicum (Thakker et al., 1992), Neurospora 
1. INTRODUCTION 
_______________________________________________________________________________________________ 
6 
 
crassa (Froehner and Eriksson, 1974) and Podospora anserina (Molitoris and 
Esser, 1970). In addition to phytopathogenic ascomycetes, laccase production 
was studied in soil ascomycete species from the genera Aspergillus, Curvularia 
and Penicillium (Banerjee and Vohra, 1991; Rodriguez et al., 1996; Scherer and 
Fischer, 1998), as well as some freshwater ascomycetes (Abdel-Raheem and 
Shearer, 2002; Junghanns et al., 2005). Wood-degrading ascomycetes like the 
soft-rotter Trichoderma and the ligninolytic Bothryosphaeria are ecologically 
closely related to the wood-rotting basidiomycetes, the best laccase-producers. 
Laccase activity has been described in both genera, but whereas 
Bothryosphaeria produces constitutively a dimethoxyphenol-oxidizing enzyme 
that is probably a true laccase (Vasconcelos et al., 2000), only some strains of 
Trichoderma exhibit a low level of production of a syringaldazine- oxidizing 
enzyme (Assavanig et al., 1992), mainly associated with spores, which may act 
in the morphogenesis of this fungus (Holker et al., 2002). Yeasts belong to a 
physiologically specific group comprehending both ascomycetes and 
basidiomycetes fungi. Until now, in yeast laccase was only purified from the 
human pathogen Cryptococcus (Filobasidiella) neoformans (Williamson, 1994). 
This basidiomycete produces a true laccase which is tightly bound to the cell 
wall, contributing to the resistance to fungicides (Zhu et al., 2001). Laccase 
production was not demonstrated in ascomycetous yeasts, but the plasma 
membrane-bound multicopper oxidase Fet3p from Saccharomyces cerevisiae 
shows both sequence and structural homology with fungal laccases (Machonkin 
et al., 2001). Laccase activity was mainly demonstrated in a specific 
physiological group of fungi, the one which wood-rotting basidiomycetes 
causing white-rot and a related group of litter-decomposing saprotrophic fungi 
belong to. Almost all species of white-rot fungi were reported to produce 
laccase to varying degrees and the enzyme has been purified from many 
species (Hatakka, 2001). Although the group of brown-rot fungi is typical for its 
inability to decompose lignin, there have been several attempts to detect 
laccases in the members of this physiological group. A DNA sequence with a 
relatively high similarity to that of laccases of white-rot fungi was detected in 
Gloeophyllum trabeum (De Souza et al., 1996). Several attempts have been 
undertaken to detect ligninolytic enzymes, including laccases in ectomycorrhizal 
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(ECM) fungi (Burke and Cairney, 2002). Gene fragments with a high similarity to 
laccase from wood-rotting fungi have been found in several isolates of ECM 
species including Amanita, Cortinarius, Hebeloma, Lactarius, Paxillus, 
Piloderma, Russula, Tylospora and Xerocomus (Luis et al., 2004). In the case 
of Piloderma byssinum, transcription of putative laccase sequence was 
confirmed by RT-PCR (Chen et al., 2003). However, transcription of a gene 
sequence does not necessarily correspond with the production of an enzyme 
but is a strong indication that the gene is not silent. 
 
1.5. Characterization of fungal laccases 
Current knowledge about structure and physiochemical properties of 
fungal laccases is based on studies performed on purified proteins. Until now, 
more than 100 fungal laccases have been purified and characterized. However, 
most of them were obtained from wood-rotting white-rot basidiomycetes, hence 
general conclusions about laccases can be easily defined and discussed on this 
basis as long as occurring of some specific exception is carefully considered.  
A typical fungal laccase is a protein of approximately 60-70 kDa with acidic 
isoelectric point around pH 4.0, counting several numbers of isoenzymes and 
showing similar molecular weight as detected in many fungal species, 
especially the ones belonging to the white-rot fungi physiological group (Blaich 
and Esser, 1975). More specifically, fungal laccases belong to the group of blue 
multicopper oxidases (BMCO) that catalyze a one-electron oxidation 
concomitantly with the four-electron reduction of molecular oxygen to water 
(Solomon et al., 1996). The catalysis carried out by all members of this family is 
guaranteed by the presence of different copper centers in the enzyme molecule. 
In particular, all BMCO are characterized by the presence of at least one type-1 
(T1) copper, together with at least three additional copper ions: two type-2 (T2) 
and one type-3 (T3) copper ions, arranged in a trinuclear cluster where T2 and 
T3 are located close to each other (4 Å), forming a cluster with eight histidine 
imidazoles as ligands (Messerschmidt and Huber, 1990), while the T1 copper 
ion is 12 Å apart from them (Garavaglia et al., 2004). The different copper 
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centers can be identified on the basis of 
their spectroscopic properties. The 
substrates are oxidized by the T1 copper 
and the extracted electrons are transferred, 
probably through a strongly conserved His-
Cys-His tripeptide motif, to the T2/T3 site, 
where molecular oxygen is reduced to 
water (Messerschmidt, 1997) (fig. 2, 3). 
During spectrophotometric analysis, 
purified laccases exhibit a characteristic 
blue appearance from their electronic 
absorption around 600 nm (due to type-1 
Cu) and 320 nm (due to type-3 Cu). 
Fungal laccases are known to have highly 
oxidizing activity with E0 ranges from 450-
480 mV to 760-790 mV (Xu et al., 2000) 
and the presence of four cupric ions, each 
coordinated to a single polypeptide chain, 
is absolutely required for reaching optimal 
conditions (Ducros et al., 1998). Compared 
to fungal laccases, other oxidizing 
enzymes such as tyrosinase or catechol 
oxidase have been reported to show lower 
redox potentials (Ghosh and Mukherjee, 
1998). Most fungal laccases are 
monomeric proteins. Some others, 
however, exhibit a homodimeric structure, 
the enzyme being composed of two 
identical subunits with a molecular weight 
typical for monomeric laccases (Min et al., 
2001). Other studies have stated the 
production of a trimer of three 60 kDa 
subunits in G. graminis (Edens et al., 1999) 
Fig. 2. Cartoon representation of the 3D 
structure of the C. cinereus laccase. 
The figure is color-ramped from the N-
terminus (blue) to the C-terminus (red). 
The Cu atoms are shown as shaded 
spheres, with the T1 site in blue and the 
T3 pair in yellow. 
Fig. 3. Catalytic cycle of laccase. 
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and of an oligomeric structure of many 23-56 kDa subunits in Agaricus bisporus 
(Wood, 1980). Some fungal laccases have quaternary structure under non-
denaturing conditions (Williamson, 1994). Like most fungal extracellular 
enzymes, laccases are glycoproteins, where the extent of glycosylation usually 
ranges between 10% and 25%, but laccases with saccharide content higher 
than 30% were also found in Coriolopsis fulvocinerea (Shleev et al., 2004). It 
was even proposed that in addition to the structural role, glycosylation could 
also participate in the protection of laccase from proteolytic degradation 
(Yoshitake et al., 1993). 
The selective production of different laccase isoenzymes in fungi is 
hypothesized to be triggered by the presence of specific elements or 
compounds acting as cellular enhancers or inhibitors (Palmieri et al., 2000 and 
2003). As an example, P. chrysosporium is known to lack laccases in normal 
conditions but can produce them when the fungus is grown on high-nitrogen-
cellulose medium (Srinivasan et al., 1995). Studies on laccase production by 
different fungi have shown that laccase levels are substantially higher in media 
containing sufficient nitrogen (Sethuraman et al., 1999), where also malt/yeast 
extract are quite effective in giving higher laccase yield. On the other hand, 
sugars usually repress laccase production in most of the fungi except in Botrytis 
cinerea where maximum levels of laccase were produced in media containing 
2% glucose (Fortina et al., 1996). Other compounds showing a positive 
regulation in laccase production include gallic acid, cycloheximide, 2,5-xylidine, 
ferulic acid, veratryl alcohol, guaiacol, indulin AT, polyfon, humic acid, 
substituted phenols, amines, benzoic acid, and lignosulfonate (Arora and 
Sandhu, 1985). Laccase production in fungi can be inhibited in fungi by various 
reagents such as metal ions (e.g., Mg2+, Ca2+, Sn2+, Ba2+, Co2+, Cd2+, Mn2+, 
Zn2+), fatty acids, sulfhydryl reagents, hydroxyglycine, kojic acid, desferal, 
EDTA, tropolon, L-cysteine, dithiothreitol, glutathione, thiourea, and quaternary 
ammonium detergents (Baldrian, 2004; Nagai et al., 2002). According to a 
molecular basis, the production of different isoenzymes can be also explained 
by the presence of multiple laccase genes in fungi (Chen et al., 2003), which 
will be further discussed. Fungal laccases generally exhibits optimal activity 
between 50 and 70˚C and very few enzymes have been described with optima 
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below 35˚C (Ko et al., 2001). Temperature stability varies considerably, rising 
from a half life of some minutes at 50˚C in Botrytis cinerea (Slomczynski et al., 
1995), to to over 2-3 hours in Lentinus edodes (D’Annibale et al., 1996) and up 
to 50-70 hours in Trametes spp. (Smirnov et al., 2001). While the enzyme from 
Ganoderma lucidum was immediately inactivated at 60˚C (Lalitha Kumari and 
Sirsi, 1972), the thermostable laccase from M. albomyces still exhibited a half 
life of over 5 hours, suggesting a very high potential for selected 
biotechnological applications (Kiiskinen et al., 2002). The work of Chhaya and 
Gupte (2010) was investigating about a prediction-based optimization 
procedure of media components for laccase production in Fusarium incarnatum 
LD-3 strain. Fourteen medium components were screened by the Plackett-
Burman’s matrix method and selected on the basis of confidence levels which 
were above 95%. Orthodianisidine, thiamine-HCl and CuSO4⋅5H2O were 
identified as significant components for laccase production and the setting of 
their optimal concentration values was calculated according to the Central 
Composite Design matrix method. As a result, this statistical optimization was 
successful in increasing the laccase production on a wheat straw solid medium 
from 40 U/g to 650 U/g of substrate dry matter. 
 
1.6. Fungal laccases and their role in lignocellulose biodegradation 
Lignocellulose is the major component of plant biomass, comprising 
around half of the total organic matter produced trough CO2 fixation fueled by 
energy derived from photosynthesis (Sánchez, 2009). It also represents the 
most abundant renewable organic source in forest litter and soil, originating 
from decaying wood as well as from herbaceous species. The degradation of 
lignocellulosic biomass in nature is mainly caused by fungi, which represent the 
unique microorganisms that have evolved with the ability to break down lignin, 
the most recalcitrant component of plant biomass. Among fungi, the organisms 
predominantly responsible for lignocellulose degradation are basidiomycetes 
(ten Have and Teunissen, 2001). Laccase has proved to be the dominant 
ligninolytic enzyme in relatively high concentration – compared to agricultural or 
meadow soils – in forest litter and soils in both broadleaves (Criquet et al., 
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2000) and coniferous forests (Ghosh et al., 2003).The ability to efficiently 
degrade lignocellulose efficiently is thought to be associated with a capillary 
hyphal growth habit that allows the fungus to delocalize scarce available 
compounds (e.g., nitrogen and iron) and enzymes (e.g., glucanases, 
peroxidases and laccases) to a distance into the nutrient-poor lignocellulosic 
substrate that constitutes its carbon source (Hammel, 1997). The fungal 
degradation occurs in the extracellular region, either in association with the 
outer cell envelope layer or even in extracellular environment, because of the 
insolubility of the lignocellulosic matrix, which consists of three types of 
polymers, cellulose, hemicellulose and lignin that are strongly intermeshed and 
chemically bonded by non-covalent forces and by covalent cross linkages 
(Pérez et al., 2002). The increasing expansion of agro-industrial activity has led 
to the accumulation of a large quantity of lignocellulosic residues from wood 
(e.g. poplar trees), herbaceous (e.g. switchgrass), agricultural (e.g. corn stover, 
wheat straw, sugar cane bagasse and cotton fibers), forestry (e.g. sawdust, 
thinnings, and mill waste), municipal solid wastes (e.g. waste paper) and 
various industrial wastes all over the world. Within these residues, only a small 
amount of the cellulose, hemicellulose and lignin generated as by-products is 
reused, whereas the majority is destined to expensive treatments of final 
disposal. This results in pollution of the environment and in loss of valuable 
materials that can be converted to several added-value products (Howard et al., 
2003). Lignin can be removed by chemical or physical pre-treatment (Chahal, 
1991) which then permits efficient bioconversion. However, this kind of process 
is usually based on high energy-consuming systems or chemical compounds 
which are harmful to the environment. Recently developed microbiological pre-
treatment of biomasses takes its advantages over non-biological procedures in 
generating potentially useful by-products with minimal waste (Zimbardi et al., 
1999). Lignin is localized in the plant cell wall, providing structural support, 
impermeability and resistance against microbial attack and oxidative stress. It is 
an amorphous heteropolymer, non-water soluble and optically inactive that is 
formed from phenylpropane units joined together by non-hydrolysable linkages. 
This polymer is synthesized by the generation of free radicals, which are 
released in the peroxidase-mediated dehydrogenation of three phenyl propionic 
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alcohols: coniferyl alcohol (guaiacyl propanol), coumaryl alcohol (p-
hydroxyphenyl propanol), and sinapyl alcohol (syringyl propanol). This 
heterogeneous structure is linked by C–C and aryl-ether linkages, with aryl-
glycerol β-aryl ether being the predominant structures.  
Lignin, linked to both hemicellulose and cellulose, forms a physical seal 
that is an impenetrable barrier in the cell wall (fig. 4). Taken singularly, cellulose 
is a linear polymer that is composed of D-glucose subunits linked by β-1,4-
glycosidic bonds forming the dimer cellobiose. At a higher degree of 
organization, many linear cellulose polymers form long chains (or elemental 
fibrils) linked together by hydrogen bonds and van der Waals forces. Cellulose 
is usually present as a crystalline form and a small amount of non-organized 
cellulose chains forms amorphous cellulose. In the latter conformation, cellulose 
is more susceptible to enzymatic degradation (Pérez et al., 2002). 
Hemicellulose is a polysaccharide with a molecular weight lower than cellulose. 
It is formed from D-xylose, D-mannose, D-galactose, D-glucose, L-arabinose, 4-
o-methyl-glucuronic, D-galacturonic and D-glucuronic acids. Sugars are linked 
together by β-1,4- and sometimes by β-1,3-glycosidic bonds. Due to their high 
Fig. 4. Structure of plant 
secondary cell wall. 
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sugar content hemicellulose and cellulose represent the major target of 
microbial hydrolytic enzymes. As a matter of fact, microbial glucanases and 
cellobiohydrolases play an essential role in organisms’ uptake of carbon source 
by degrading cellulosic compounds down to their dimeric and monomeric units. 
 However, since cellulose appears in nature to be associated with other 
plant compounds – such as lignin – which affect enzymatic cleavage of its 
polymeric structure, fungi had to co-evolve a complex mechanism of 
biodegradation in order to break through lignin and gain access to nutrients. 
Depending upon their mode of attacking lignin, fungi are classified into three 
main categories (Eriksson et al., 1980): 
• Brown-rot fungi: these fungi preferentially degrade cellulose and 
hemicellulose, thus modifying lignin only to a limited extent. 
Colonization by such fungi is usually confined to the less lignified 
layers of the secondary cell wall. In brown-rotted lignin, its methoxy 
content and aliphatic hydroxyl content decrease, while the carboxyl 
and phenolic hydroxyl contents greatly increase. 
• Soft-rot fungi: lignocellulose decay by soft-rot fungi results in softening 
of the tissues by forming microscopic cavities within the secondary cell 
wall. Biochemical studies have shown that soft-rot decay results in 
lower methoxy content of wood lignin, thus making it more soluble. 
The ligninolytic system of soft-rot fungi does not have oxidative 
potential to attack the recalcitrant guaiacyl lignin but they can oxidize 
and mineralize syringyl lignin. 
• White-rot fungi: these are the most efficient lignin degraders and, so 
far, the only organisms known to completely mineralize lignin to CO2 
and H2O, albeit they cannot use it as a sole carbon and energy 
source. Hence cellulose serves as an energy providing co-substrate. 
White-rot fungi oxidize side chains and cleave the aromatic nuclei, 
leaving aliphatic carboxyl-rich fragments in the polymer. 
Looking closely, lignin biodegradation by fungi consists in an oxidative 
process carried out by the activity of phenol oxidases and the non-enzymatic 
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direct action of high-redox potential oxidizing compounds as briefly schematized 
in figure 5. Lignin peroxidases (LiP), manganese peroxidases (MnP) and 
laccases from white-rot fungi (especially Botrytis cinerea, P. chrysosporium, 
Stropharia coronilla, Pleorotus ostreatus and Trametes versicolor) are the most 
studied enzymes taking part in this process (Howard et al., 2003). Recently, 
other enzymes involved in lignin biodegradation have been reported, such as 
aryl alcohol oxidase (AAO) (Guillén et al., 1992) and glyoxal oxidase (Kersten 
and Cullen, 2007). Fungal aryl-alcohol dehydrogenases (AAD) and quinone 
reductases (QR) are also active in the process (Guillén et al., 1997; Gutiérrez et 
al., 1994). Laccases and peroxidases take both part in lignin biodegradation 
oxidizing the lignin polymer, thereby generating aromatic radicals which 
undergo multiple and further enzymatic and non-enzymatic driven 
oxidoreductive reactions. These reaction include C–C bound breakdown, 
aromatic ring cleavage, demethoxylation, releasing of reactive oxygen species 
(ROS) and even some cases of repolymerization. Compared to laccase, lignin 
peroxidase, whose molecular mass varies between 38-47 kDa, necessarily 
requires hydrogen peroxide (H2O2) generated by other enzymes (e.g., oxidases) 
to be active (Leonowicz et al., 2001). Despite that, lignin peroxidase is capable 
of oxidizing recalcitrant non-phenolic lignin model substrates with redox 
potential around 1.5 V by one-electron abstraction. At the same time, reactive 
aryl cation radicals are formed, which commonly decay via pathways involving 
C–C and C–O bond-cleaving reactions (Kersten et al. 1985). Manganese 
peroxidase is also expressed in multiple forms with molecular weights between 
40-48 kDa and its catalytic cycle, for which the presence of H2O2 is not required, 
resembles that of lignin peroxidase except for the fact that MnP is unique in its 
ability to degrade aromatic substances, including lignin, directly to CO2 through 
a process known as enzymatic combustion (Hofrichter et al., 1998). The 
exclusively extracellular localization of lignin and manganese peroxidases is 
well known – thus playing a fundamental role in lignocellulose breakdown 
outside the cell – several cases of exclusively cell wall bounding have been 
reported for laccase in Irpex lacteus (Svobodová, 2005), Cryptococcus 
neoformans (Zhu et al., 2001) and in the spores of Trichoderma spp. (Holker et 
al., 2002). Since the localization of laccase is probably connected with its 
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physiological function and its range of available substrates, it is possible that the 
intracellular laccases of fungi could participate in the transformation of low 
molecular weight phenolic compounds in the cell (Eggert et al., 1995). The cell 
wall and spores-associated laccases were linked to the possible formation of 
melanin and other protective cell wall compounds (Galhaup and Haltrich, 2001). 
Plus, laccase expressed by C. neoformans – a major fungal pathogen in 
immuno-compromised individuals (AIDS), organ transplant recipients and those 
receiving high doses of corticosteroid treatment – plays a dramatic role as 
virulence factor, along with the presence of an extensive polysaccharide 
capsule and the ability to grow at 37°C (Casadevall and Perfect, 1998). Laccase 
exhibits its oxidizing action on the brain catecholamines as a defense 
mechanism against host immune system (Zhu et al., 2001) and it has also been 
demonstrated to confer significant protection against murine alveolar 
macrophages by virtue of its iron oxidase activity (Lide et al., 1999). Thereby, 
laccase exhibits multiple functions in addition to its primary catalytic role which 
has induced scientists to refer to it as a “moonlight” enzyme. More precisely, 
moonlighting refers to a single protein that has multiple functions, which is not a 
consequence of gene fusion, splice variants or multiple proteolytic fragments 
(Jeffery, 2003). 
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Fig. 5. Lignin biodegradation process by white-rot fungi. Laccases or ligninolytic peroxidases 
oxidize the lignin polymer and generate aromatic radicals (a). These evolve in different non-
enzymatic reactions, including C-4-ether breakdown (b), aromatic ring cleavage (c), Cα–Cβ 
breakdown (d), and demethoxylation (e). The aromatic aldehydes released from Cα–Cβ 
breakdown of lignin (f, g), are the substrates for H2O2 generation by AAO in cyclic redox reactions 
also involving AAD. Phenoxy radicals from C4-ether breakdown (b) can repolymerize on the 
lignin polymer (h) if they are not first reduced by oxidases to phenolic compounds (i). The 
phenolic compounds formed can be again reoxidized by laccases or peroxidases (j). Phenoxy 
radicals can also be subjected to Cα–Cβ breakdown (k), yielding p-quinones. Quinones from (g) 
and/or (k) contribute to oxygen activation in redox cycling reactions with QR, laccases, and 
peroxidases (l,m). This results in reduction of the ferric iron present in wood (n), either by 
superoxide cation radical or directly by the semiquinone radicals, and its reoxidation with 
concomitant reduction of H2O2 to a hydroxyl free radical (OH×) (o). The latter is a very mobile and 
very strong oxidizer that can initiate the attack on lignin (p) in the initial stages of wood decay, 
when the small size of pores in the still-intact cell wall prevents the penetration of ligninolytic 
enzymes. Then, lignin degradation proceeds by oxidative attack of the enzymes described 
above. In the final steps, simple products from lignin degradation enter the fungal hyphae and are 
incorporated into intracellular catabolic routes. (Martínez et al., 2005) 
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1.7. Molecular biology of fungal laccases 
As a member belonging to the group of multicopper oxidases, fungal 
laccases shares high homology levels with other enzymes, especially with 
ascorbate oxidase, ceruloplasmin, phenoxazinone synthase, bilirubin oxidase, 
dihydrogeodin oxidase, and FET3 protein. In order to provide a detailed 
characterization of these homologies, a recent study based on the C. cinereus 
model laccase – which have also leaded to the understanding of the only so far 
known crystal structure of fungal laccase (Ducros et al., 2001) – has tried to 
point out a conserved motif specifically distinguishing fungal laccase from 
multiple sequence alignments of more than 60 known accessions (Kumar et al., 
2003). This has resulted in identification of a unique set of four ungapped 
sequence regions, L1–L4, as the overall signature sequences that can be used 
to identify laccases, featuring them within the broader class of multi-copper 
oxidases. Moreover, the 12 amino acid residues in the enzymes serving as the 
copper ligands are housed within these four identified conserved regions, of 
which L2 and L4 conform to an earlier reported copper signature sequences of 
multi-copper oxidases (Ouzounis and Sander, 1991), while L1 and L3 are 
distinctive to the fungal laccases. A further close examination of the sequence 
logos – prepared on the basis of the occurrence frequency of various residues 
at each and every position in all the aligned sequences – from L1 to L4 reveals 
a certain subtle similarity between logos L1 and L3 and between logos L2 and 
L4. Such a kind of similar polarity or similar conformational propensity depicts a 
quasi-symmetrical nature of this active site architecture, which could be the 
consequence of a gene duplication event. Successively, these genes would 
have undergone evolutionary pressure, thus forcing the necessary maintenance 
of hydropathy or secondary structure propensity in the vicinity of the critical Cu-
ligating residues (Kumar et al., 2003).  
Yaver et al. (1999) first amplified cDNA sequences from a C. cinereus 
library, using two oligonucleotide primers corresponding to the conserved amino 
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acid regions IHWHGL(1) and PWFLHCHID(2) found in fungal laccases. Within 
the expected PCR product of 1.2 kb seven subclones were found, whose 
nucleotide sequences encoded for amino acids that represented at least three 
translated laccases: lcc1, lcc2 and lcc3. The deduced protein sequence of lcc1 
was confirmed as the one encoding for the previously purified laccase protein 
expressed in an Aspergillus oryzae vector, while lcc2 and lcc3´s shared 
respectively 58 and 59% of identity with lcc1 and 80% of one another’s 
reciprocity. The protein deduced from lcc1 sequence contained three potential 
N-linked glycosylation sites (AsnXThr/Ser), and the predicted size of the mature 
protein after removal of the signal peptide was 521 amino acids. The lcc2 gene 
contained 13 introns and coded for a precursor protein of 517 amino acids; 
there was one potential N-glycosylation site, and the predicted mature Lcc2 
protein was 499 amino acids. The lcc3 gene contained 13 introns and coded for 
a precursor protein of 517 amino acids; there was one potential N-glycosylation 
site, and mature Lcc3 protein was predicted to be 501 amino acids long. Neither 
Lcc2 nor Lcc3 contained the 23 amino acid -COOH terminal extension present 
in Lcc1. Successively, Hoegger et al. (2004) analyzed specific pools of the 
genomic library of C. cinereus homokaryotic strain AmutBmut and found at least 
eight different laccase genes within the haploid genome (lcc1-lcc8). A total of 84 
introns were identified in the eight cloned laccase genes with the actual number 
of introns in the individual genes varying between 7 and 13. The lengths of the 
introns were typical for C. cinereus (Seitz et al. 1996) and ranged between 47 
and 87 nucleotides, with an average base number of 59±4 nucleotides. 
Comparison of the eight genes over their whole length revealed that 
introns interrupted the coding sequences at 16 different positions. The 13 
introns found in lcc2 and lcc3 were all at the same positions (fig. 6). All other 
genes differed from these and each other by the gain or loss of one or more 
introns at variable positions. Only four of the intron positions (positions 2, 4, 5, 
13) are conserved in all eight laccase genes. At 15 of the total of 16 positions, 
                                                           
 
(1)
  Abbreviation for: Ile-His-Trp-His-Gly-Leu 
(2)
  Abbreviation for: Pro-Trp-Phe-Leu-His-Cys-His-Ile-Asp  
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two or more genes had an intron. Sequence comparison of all 84 introns 
showed higher identity among some of the introns within a gene (e.g., lcc2 
introns 4, 8, 16 had intron identities of 32-51%, lcc5 introns 4, 7, 14 had 
identities of 35-49%), compared with introns present at the same position in the 
different genes (e.g., the four introns present in all genes). However the introns 
at position 4 varied considerably in sequence (14-33% of identity) and in size 
(53-87 bp). Thus, evolutionary force conserved the intron positions but not their 
nucleotide sequence. In an overview of all introns, sequence identity between 
introns was in the range between 6 and 63%. The deduced amino acid 
sequences of the eight complete laccase genes isolated varied in length over a 
typical range of 516-567 amino acids. Over their whole length, these proteins 
show sections of high amino acid conservation interrupted by short stretches of 
more variable sequences as reported in table 1. More recently, when Kilaru et 
al. (2006) utilized protein sequences of C. cinereus AT8 laccase Lcc1, 
Phanerochaete chrysosporium Mco1, Saccharomyces cerevisiae ferroxidase 
Fet3 and Cucumis sativus ascorbate oxidase in Blast search (tBLASTn) against 
the available genome of C. cinereus strain Okayama 7 they found 17 non-allelic 
laccase genes and one gene footprint, collectively divided in two subfamilies – 
defined by intron positions 
and similarity of deduced 
gene products – of 15 (lcc1-
lcc15) and 2 members 
(lcc16 and lcc17) and 
distributed in groups of up 
to 4 genes over 7 different 
contigs. The close vicinity of 
two or more laccase genes 
in the C. cinereus genome 
could indicate that they are 
originated by duplication 
from each other. From all 
the 17 genes, just 8 
encoded for proteins (lcc1, 
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lcc2, lcc5, lcc6, lcc7, lcc11, lcc13 and lcc14) that showed enzymatic activity by 
converting colorless substrates ABTS or DMP into green and orange 
compounds, respectively. The product of lcc4 exhibited activity only on 
regeneration agar supplemented with DMP, whilst all of the remaining genes 
(lcc3, lcc8, lcc9, lcc10, lcc12, lcc15, lcc16, lcc17) were inactive with both 
substrates. The occurrence of a laccase gene footprint in the genome, the large 
internal deletion within lcc15 and alteration of splice junctions in transcripts of 
other genes leading to frame shifts, deletion of essential amino acids and/or 
protein truncations (lcc8, lcc10) show that some of the duplicated genes might 
be inactivated without any major loss for the organism. Thus, some of the 
laccase genes in C. cinereus may just serve as redundant copies for better 
adaptation to varying environmental conditions or dosage regulation. 
Furthermore, two types of mobile elements were detected in the genome of C. 
cinereus strain Okayama 7: a Gypsy-type retrotransposon (Pöggeler and 
Kempken, 2004) termed Bishop was localized on contig 85 between genes sec 
and pox in the 230 kb DNA stretch separating lcc14 and lcc3. A mini-transposon 
of 457 bp termed Pawn (left border: incomplete inverted repeat (5’-
actaggtGGTGCGGCggGCCGgCACCtatg-3’) followed by a 14-bp long 
sequence 5’-TCCTTGCCCCAAGC-3’; right border: the inverted sequence 5’-
GCTTGGGGCAAGGAa-3’) was detected 329 bp downstream to the stop codon 
of lcc4 (fig. 7). 
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Tab. 1.  Alignment of the deduced amino acid sequences of the C. cinereus laccases. 
Lcc1 is from monokaryon AT8; all other aligned sequences are from homokaryon 
AmutBmut. Shown below the alignment in circles are the amino acids in lcc3 of IFO 8371 
(Y158, N164) that differ from the AmutBmut sequence and amino acids in the available 
lcc1 sequence from AmutBmut (R243, V319, V383) that differ from those in IFO 8371 
and AT8 sequences. Black triangles above the alignments mark amino acids translated 
from codons interrupted by introns in phase 0 (arrow between two amino acids) or in 
phases 1 or 2 (arrow above amino acid). Numbers refer to introns. Signal peptides are 
underlined. The cysteine and the histidine residues involved in copper binding are 
indicated by white boxes and numbered according to the copper type (1, 2, 3 for type-1, 
type-2, type-3, respectively) they bind. The laccase signature sequences L1–L4 are 
indicated by gray boxes. (Hoegger et al., 2004). 
Fig. 7. Localization of laccase and neighboring genes on contigs of the C. cinereus 
Okayama7 genome sequence. The direction of the arrow indicates the direction of the 
respective gene. Distances between ORFs and distances to the ends of a contig are given. 
The black triangle on contig 35 marks the position of the minitransposon Pawn. 
Retrotransposon Bishop on contig 85 is shown as a box with black arrows indicating its long 
terminal repeats (LTRs). (Kilaru et al., 2006) 
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1.8. Trichoderma spp. as biocontrol agents  
Trichoderma species are free-living fungi that are common in soil and root 
ecosystems. Nearly all temperate and tropical soils contain 101-103 
Trichoderma culturable propagules per gram. These fungi also colonize woody 
and herbaceous plant materials, in which the sexual teleomorph (genus 
Hypocrea) has most often been found. However, many strains do not have a 
known sexual stage. In nature, the asexual forms of the fungi persist as clonal, 
often heterokaryotic, individuals and populations that probably evolve 
independently in the asexual stage. They show a high level of genetic diversity, 
and can be used to produce a wide range of products of commercial and 
ecological interest such as antibiotics. Trichoderma strains have antagonistic 
activity against airborne and soilborne pathogens, inhibiting their growth by 
antibiosis, mycoparasitism or competition for ecological niches with nutrients 
and seeds exudates that trigger and stimulate the germination of propagules of 
plant-pathogenic fungi (Howell, 2002). Furthermore, they inhibit or degrade 
pectinases and other enzymes that are essential for plant-pathogenic fungi, 
such as Botrytis cinerea, to penetrate leaf surfaces (Zimand et al., 2006). 
Moreover, they can also induce systemic and localized resistance in plants and 
exert beneficial effects on plant growth and development (Harman, 2006). 
Research on biocontrol mechanisms of cotton seedling disease incited by 
Rhizoctonia solani has shown that T. virens was able to suppress pathogen 
spreading by means different from mycoparasitism and antibiosis. As well, seed 
treatment with T. virens stimulated defense responses in cotton roots, as 
indicated by the synthesis of terpenoids compounds highly toxic to R. solani 
(Howell et al., 2000). Wild-type Arabidopsis seedlings inoculated with T. virens 
conidia showed characteristic auxin-related phenotypes, including increased 
biomass production and stimulated lateral root development due to an altered 
auxin-regulated gene expression in the plant. T. virens was showed to produce 
indolacetic acid (IAA), indoleacetaldehyde (IAAld) and indole-3-ethanol (IEt) 
(Contreras-Cornejo et al., 2009). 
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Along with competition for nutrients 
and space, production of metabolites that 
either impede spore germination, kill 
pathogen cells or modify the rhizosphere, 
Trichoderma spp. exert direct 
mycoparasitic activity on hyphae and 
sclerotia (Chet, 1987). In the first place, 
Trichoderma spp. recognize and approach 
host hyphae according to signal 
compounds liberated from target cell wall 
by the action of extracellular exochitinase. 
Oligomers released from host cell wall 
also induce the expression of diffusible 
fungitoxic endochitinases, which begin the 
attack on the target fungus before contact 
is actually made (Brunner et al., 2003). 
Once the fungi come into contact, 
Trichoderma spp. recognize and attach to 
the host by binding to its cell wall lectins, 
therefore coiling around it (fig. 8a) and 
forming appressoria (fig. 8b) on the 
hyphae surface (Inbar et al., 1996). Then 
Trichoderma spp. produce several 
fungitoxic cell wall-degrading enzymes, 
and probably also peptaibol antibiotics 
(Schirmböck et al., 1994), thus enhancing 
parasitism of the target fungus and 
dissolution of the cell walls. At the sites of 
the appressoria, holes can be produced in 
the target fungus, allowing direct entry of 
Trichoderma hyphae into the host lumen 
(fig. 8c). This strong Trichoderma spp. 
mycoparasitic activity against important 
Fig. 8 a,b,c. In (a) Trichoderma spp. 
(T) coils around R. solani hyphae (R) 
and in (b) appressoria-like structures 
(A) can be seen. In (c) holes left on R. 
solani hypha by removed Trichoderma 
appressoria are visible (Harman et al., 
2004). 
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pathogens as like as R. solani has recently 
bolstered the development of several biocontrol 
application techniques of these fungi, thus 
coming up with the release of different 
marketed products (RootShield®, PlantShield®, 
SoilGard® and Primastop®). Some Trichoderma 
spp. exhibit efficient mycoparasitic activity on 
fungal sclerotia (Benhamou and Chet, 1996). In 
particular T. virens was reported to physically 
penetrate into Sclerotium rolfsii, S. sclerotiorum 
and S. minor sclerotia (Sarrocco et al., 2006). 
Sclerotia are resting structures characterized by 
an outer layer of melanized cells (rind). The 
simultaneous presence of metabolic reserves 
and external high-melanized impermeable 
layers makes sclerotia capable of surviving long 
lasting periods of water and nutrient depletion. Therefore, sclerotia of 
pathogenic fungi can persist in soil until unfavorable conditions expire so they 
can germinate and complete their life cycle. Melanin certainly represents a key 
factor contributing to the full development and functionality of resting sclerotia. 
Melanin (fig. 9) is a complex polymer of phenolic/indolic compounds (Henson et 
al., 1999) which is dark in color. In fungi, melanins reduce the permeability of 
cell walls of peripheral hyphae and contribute to resistance against some 
negative environmental factors including irradiation and biological degradation 
(Willetts, 1971). Most importantly, diverse fungal plant pathogens produce 
melanins during appressorial differentiation (Tsuji et al., 2000). Furthermore, 
melanins, when complexed with chitin of fungal walls, act as inhibitors of 
polysaccharases (Bull, 1970) increasing protection against enzymes produced 
by antagonistic microorganisms (Butler and Day, 1998). Therefore melanin 
degradation can be crucial in supporting the biocontrol activity of antagonistic 
fungi (Butler et al., 2005).  
Microbes can synthesize melanin via phenoloxidases (such as 
tyrosinases, laccases or catacholases) and/or the polyketide synthase pathway 
Fig. 9. Chemical structure of 
eumelanin oligomer. (Nosanchuk 
and Casadevall, 2006) 
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(Kwon-Chung et al., 1983). Laccases produced by mycoparasitic fungi also play 
a fundamental role in melanin degradation, frequently reported against sclerotial 
fungi. As lignin, melanin is a complex polymer whose synthesis and degradation 
both include several molecular rearrangements driven by enzymatic and non-
enzymatic factors. Laccase production is triggered in the most various range of 
responses to several physiological variants, such as metal ions concentration 
(Baldrian and Gabriel, 2002), presence of lignin-like aromatic compounds (Giatti 
Marques De Souza et al., 2004) and during the development of different 
morphological stages (Ohga et al., 1999). Trichoderma spp. still were not 
deeply investigated for what concerned regulatory steps of laccase expression 
and activity. Recently, only a few works dealt with the characterization of a 
specific laccase in Trichoderma spp.  (Sadhasivam et al., 2009; Chakroun et al., 
2010) but none of them cited T. virens. The work of Catalano (2009) included a 
database research (http://www.ncbi.nlm.nih.gov/nuccore) for genes encoding 
for laccases in several filamentous fungi. Sequences of all known fungal genes 
were then used to run tBLASTx analysis for homologous regions within the 
genome of T. virens (http://genome.jgi-psf.org/Trive1/Trive1.home.html). Six 
putative laccase genes were identified in 6 independent T. virens contigs (43, 
176, 203, 222, 304 and 363) showing a very high homology to fungal laccase 
genes. Alignments of known sequences were performed with the program 
ClustalW in order to identify conserved sequences of putative genes in T. virens 
genome and design specific primers for their amplification in RT-PCR. 
Therefore, expression analysis of identified genes was performed in a 
mycoparasitic interaction with sclerotia of B. cinerea and Sclerotinia 
sclerotiorum, based on the potential role of laccase in degrading the melanic 
external rind. Genes 363 and 203 were not significantly expressed, while genes 
43 and 176 displayed a good expression even before the interaction with 
sclerotia, accounting for their constitutive presence; genes 304 and 222 were 
specifically induced by the interaction with sclerotia, where 304 was particularly 
active at early stages of colonization, suggesting a fundamental role in onset of 
mycoparasitic activity (Catalano, 2009). Therefore this last gene has been  
knocked out and its involvement in B. cinerea sclerotia decay has been reported 
(Catalano et al., 2010). Considered the promising mycoparasitic activity of T. 
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virens strain I10 against Sclerotium rolfsii, S. sclerotiorum and S. minor sclerotia 
(Sarrocco et al., 2006), it should also be important to further investigate side 
roles played by its laccases in different processes. 
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2. WORK AIMS 
 
The goal of this work was to investigate laccase functions in Trichoderma 
virens. The strain under study, I10, was known to efficiently antagonize plant 
pathogens and to be involved in mycoparasitism against sclerotial fungi. For this 
a laccase activity could be needed to penetrate cell walls of sclerotia rind, the 
external layer mostly rich in melanin. Six putative laccase genes, likely 
associated to different biological roles, were previously identified in the T. virens 
genome. These possible laccase functions could be both interesting for 
biocontrol and biotechnological applications related to ligninolysis. 
The analysis performed in this thesis work included the development of a 
biochemical and molecular screening test for laccase activity and a comparison 
with the lignocellulolytic basidiomycete Coprinus cinereus in biochemical and 
molecular assays. The main issues to be assessed were:  
• T. virens production of extracellular laccases in the presence of 
lignocellulosic biomass; 
• the differential expression of the T. virens six putative laccase genes; 
• the T. virens laccase production compared to the one of the model 
organism C. cinereus. 
In order to accomplish these tasks, several experimental trials have been 
set during a hosting period at the laboratories of the Section for Sustainable 
Biotechnology - Copenhagen Institute of Technology, Aalborg University, 
Denmark. The general experimental design can be resumed as follows: 
• growth of fungal cultures on both a lignocellulosic and non-
lignocellulosic media; 
• analysis of laccase activity according to the ABTS assay;  
• RT-PCR with primers specific for the six T. virens putative laccase 
genes and C. cinereus lcc1 gene. 
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3. MATERIALS AND METHODS 
 
3.1. Chemicals 
Non-phenolic substrate 2,2’-azino-bis-(3-ethylbenzthiozoline-6-sulphonic 
acid) (ABTS), standard isoenzymatic laccase (20 U/mg) of Trametes versicolor 
(p.c. 53739) and laccase activity inhibitor NaN3 (sodium azide) were all 
purchased from Sigma-Aldrich. Acetate buffer 100 mM was prepared adding 
574 µl of pure acetic acid to 99.4 ml of distilled water. Final pH was adjusted to 
5.0 with no autoclaving. One liter of TAE buffer 50x was prepared adding 242 g 
of Trizma® base to 500 ml of deionized water; successively, 100 ml of Na2EDTA 
0.5 M (pH 8) were added along with 57.1 ml of glacial acetic acid. Final volume 
was reached by adding deionized water. 
 
3.2. Media preparation 
Wheat straw 5% was utilized as the liquid lignocellulosic medium (39% 
cellulose, 24% hemicelluloses and 21% lignin) for testing extracellular laccase 
production by C. cinereus and T. virens. The substrate described by Hölker 
(2002) was selected to evaluate non-lignocellulosic laccase activity of T. virens 
and C. cinereus; a solid formulation of the substrate was utilized in Petri dishes 
to grow T. virens and easily collect its spores, while a liquid formulation was 
spilled in Erlenmeyer flasks to evaluate C. cinereus secretion of laccase in 
relative inhibitory conditions. Traditional potato and dextrose based medium 
were also considered for samples keeping and propagation. All substrates were 
prepared according to a specific internal laboratory protocol as follows: 
• Hölker Solid Medium (HSM) – 0.5 g of KH2PO4, 0.25 g of NH4NO3, 
0.125 g of MgSO4·7H2O, 0.1 g of NaH2PO4, 3 g of glucose and 3 g of 
agar were added to 250 ml of distilled water. 250 µl of trace metal 
solution were added. 100 ml of trace metal solution contained: 1g of 
FeSO4·7H2O, 1 g of ZnSO4·7H2O, 0.5 g of CuSO4·5H2O and distilled 
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water up to final volume. Final pH was adjusted to 5.8 just before 
autoclaving at 121˚C for 20 minutes. 
• Hölker Liquid Medium (HLM) – 0.5 g of KH2PO4, 0.25 g of NH4NO3, 
0.125 g of MgSO4·7H2O, 0.1 g of NaH2PO4 and 3 g of glucose were 
added to 250 ml of distilled water. 250 µl of trace metal solution were 
added. Final pH was adjusted to 5.8 just before autoclaving at 121˚C 
for 20 minutes. 
• Potato Dextrose Agar (PDA) – 15.6 g of PDA were added to 400 ml of 
distilled water. There was no final pH adjusting and medium was 
directly autoclaved at 121˚C for 20 minutes. 
• Potato Dextrose Broth (PDB) – 9,6 g of PDB were added to 400 ml of 
distilled water. Final pH was adjusted to 4.8 just before autoclaving at 
121˚C for 20 minutes. 
• Wheat Straw 5% (WS) – 1.2 g of NaNO3, 0.4 g of K2HPO4, 0.2 g of 
KCl, 0.2 g of MgSO4·7H2O and 20 g of wheat straw cut and grinded to 
small particles were added to 400 ml of distilled water. 400 µl of trace 
metal solution were added. Final pH was adjusted to 4.8 just before 
autoclaving at 121˚C for 20 minutes. Wheat straw was collected in a 
field north of Copenhagen. 
 
3.3. Fungal strains and culture conditions 
A Trichoderma virens strain I10 was selected from the collection stored in 
the Department of Tree Science, Entomology and Plant Pathology “Giovanni 
Scaramuzzi” - Plant Pathology Section (Faculty of Agriculture, University of 
Pisa, Italy) and used for all following experiments after growth on PDA medium 
at 24˚C. A Coprinus cinereus strain was selected from the collection stored at 
Section for Sustainable Biotechnology laboratories (Copenhagen Institute of 
Technology - Aalborg University, Denmark) and used for all following 
experiments after growth on PDA medium at 37˚C. 
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For wheat straw medium, all samples were firstly pre-incubated for 3 days 
at optimum temperature (T. virens at 24˚C and C. cinereus at 37˚C) in a 15 ml 
Falcon tube with 3 ml of PDB on a rotating shaker (180 rpm). After pre-
incubation, sampled mycelia were filtrated on sterile Miracloth, rinsed with de-
ionized water, and transferred to nine 100 ml Erlenmeyer flasks with 10 ml of 
2% wheat straw medium and grown for other 7 days, according to respective 
optimum temperature condition, on a rotating shaker (90 rpm). At every 3rd, 5th 
and 7th day of growth 3 flasks were taken off the incubator and mycelium 
collected from them was filtrated on sterile Miracloth, rinsed with de-ionized 
water, gently squeezed and dried on absorbent paper and collected in 2 ml 
Eppendorf tube in order to be promptly frozen in liquid nitrogen and conserved 
at -80˚C. All culture filtrates resulting from each growth stage on liquid medium 
were separately collected with a sterile 1 ml plastic syringe and injected through 
a 0.2 µm Sartorius into a 1.5 ml Eppendorf tube. Filtrates were kept at -23˚C to 
be tested in further enzymatic activity assays. For Hölker medium, no period of 
pre-incubation was needed. In HLM, nine 100 ml Erlenmeyer flasks with 10 ml 
of medium were inoculated with an agar plug and incubated for 10 days at 
optimum temperature conditions on a rotating shaker (90 rpm). At every 3rd, 5th 
and 7th day of growth 3 flasks were taken off the incubator and mycelium was 
collected and stored at -80˚C as indicated before. In HSM, which was 
performed only for T. virens, 9 Petri dishes were inoculated with an agar plug 
and kept at 24˚C for 10 days. At every 4th, 6th and 8th day of growth, three Petri 
dishes were taken off the incubator and separated in two equal parts. On the 
first half, mycelium was directly harvested with a sterile stick and frozen in liquid 
nitrogen to be conserved at -80˚C; the second half was washed on the surface 
with 5 ml of acetate buffer 100 mM. Spores were then removed with a sterile 
stick and collected along with the buffer in a 15 ml Falcon tube. A brief 
centrifugation (from 30 seconds to 1 minute at 5000 rpm) was then performed to 
obtain a pellet of spores on the bottom of the tube. Liquid phase containing 
clamped mycelium were discarded while spores were resuspended in 2 ml of 
acetate buffer 100 mM. Spores suspension was then briefly spun on a vortex 
and directly tested in the ABTS assay. 
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The recent work of Chhaya and 
Gupte (2010) suggested the general 
conditions necessary to set up an 
additional test concerning the combined 
influence of laccase-triggering 
substances. In order to optimize medium 
components for laccase production, the 
effect of three components 
(CuSO4⋅5H2O, peptone and NH4NO3) on 
laccase activity was tested in a nutrient 
matrix according to the combination of 
two different concentrations (+ and -) for 
each entry. Wheat straw 2% liquid 
medium was prepared as previously 
reported and put in eight different 100 
ml Erlenmeyer flasks representing the 
matrix combinations showed in table 2. T. virens and C. cinereus triplicate 
samples pre-incubated on PDB were both inoculated in separated trials and 
growth for one week at respective temperature optimum on a rotating shaker 
(90 rpm). At every 3rd, 5th and 7th day of growth, 1 ml of filtrate was sampled 
with a sterile syringe, diluted according to the usual procedure into acetate 
buffer 100 mM and directly tested with the ABTS assay. Results were compared 
with the ones obtained by Chhaya and Gupte, although data originated from 
their nutrient matrix were relative to F. incarnatum D3. 
 
3.4. Laccase activity test 
The ABTS laccase activity test (ε420 = 36000 M-1 cm-1) described by 
Johannes and Majcherczyk (2000) was modified and performed in 1 ml of 100 
mM acetate buffer pH 5.0 with final concentration of the substrate equal to 5 
mM. Lange spectrophotometer DR 3800 sc VIS was used for running standard 
calibration curves, where pure laccase standard from T. versicolor was added at 
different known concentrations to a 1 ml plastic cuvette. In order to test filtrates 
- 0.2 mM 0.5 g/L 0.25 g/L  
+ 2 mM 5 g/L 2.5 g/L  
 CuSO4⋅5H2O Peptone NH4NO3  
1 + - -  
2 - + -  
3 - - +  
4 + + -  
5 - + +  
6 + - +  
7 + + +  
8 - - -  
Tab. 2. Nutrient matrix combinations. The – 
and + values vary for each 
component. 
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obtained from fungal cultures, a Packard plate reader Spectra Count™ was 
used for running triplicates of each sample in 96 wells (8x12) plate. Test was 
performed adding 20 µl of liquid media filtrate to 180 µl of 100 mM acetate 
buffer pH 5.0 with final concentration of the substrate equal to 1 mM and 
monitoring reaction rate for 90 minutes at λ = 405 nm (ε405 = 9000 M-1 cm-1; 
Pinkernell et al., 1997). In order to discern effective laccase activity from other 
or non-enzymatic activity, a duplicate trial was run in parallel for each analyzed 
filtrate adding the specific inhibitor NaN3 5 mM to the reaction well 2 minutes 
before ABTS was injected. 
 
3.5. DNA/RNA extraction and cDNA synthesis 
DNA extraction was performed with E.Z.N.A.™ Fungal DNA Isolation Kit 
(p.c. D3390-01) purchased from Omega Bio-Tek. The sample (maximum of 200 
mg) stored at -80°C were immediately added with 600 µL of buffer FG1. All 
clumps were dispersed by grinding with a small pestle while sample was still 
frozen. Tube was then vigorously spun on a vortex for 10 seconds and 
incubated at 65°C for 10 minutes. The sample was mixed twice during 
incubation by inversion, added with 140 µL of buffer FG2 and spun on a vortex 
before incubating on ice for 5 minutes. The tube was then centrifuged at 10000 
x g for 10 minutes at 4°C, then the cleared lysate was carefully aspirated and 
transferred to a new microcentrifuge tube. The sample was added with 0.7 
volume of isopropanol and spun on a vortex to precipitate DNA. A centrifugation 
at 10,000 x g for 2 minutes allowed to pellet DNA; the supernatant was 
discarded and 300 µL of sterile deionized water pre-heated to 65°C were added 
before spinning on a vortex to resuspend the pellet. Successively, 4 µL RNase, 
150 µL of buffer FG3 and 300 µL of absolute ethanol were added and sample 
was spun on a vortex to obtain a homogeneous mixture. Meanwhile, 100 µl of 
equilibration buffer were added to the HiBind DNA column to incubate for 4 
minutes; the column was then centrifuged at maximum speed for 30-60 
seconds and the flow-through was discarded. The sample was applied to a 
HiBind DNA column® placed in a 2 ml collection tube and centrifuged at 10,000 
x g for 1 minute to bind DNA. Both the 2 ml collection tubes and the flow-
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through liquid were then discarded and the column was transferred to a second 
collection tube. Washing was performed twice by adding to column 750 µL of 
wash buffer diluted with absolute ethanol and centrifuging at 10,000 x g for 1 
minute with discard of the flow-through liquid. The empty column was 
centrifuged for 2 minutes at maximum speed to dry and then it was transferred 
to a clean 1.5 ml Eppendorf tube. 100 µL of DEPC-H2O pre-warmed to 65°C 
were applied to the column which was incubated at room temperature for 3-5 
min. A final centrifugation at 10,000 x g for 5 minutes was performed to elute 
DNA and collect it in the 1.5 ml Eppendorf tube. Sample was labeled and stored 
at -80°C. 
RNA extraction from sampled mycelia was performed with TRI Reagent® 
Solution kit purchased from Applied Biosystems (p.c. AM9738). Fungal sample, 
(kept at -80°C) was grinded while still frozen and 1 ml of TRI Reagent solution 
was added per 100 mg of sample and homogenization was achieved with 
further pestling in ice. The homogenate was incubated for 5 minutes at room 
temperature and then centrifuged at 12000 x g(3) for 10 minutes at 4°C. The 
upper liquid phase was transferred to a new micro-centrifuge tube. For each ml 
of TRI Reagent solution, 200 µl of chloroform were added and tubes were 
vigorously shaken for 15 seconds. After 15 minutes of incubation at room 
temperature a second centrifugation was performed at 12000 x g for 15 minutes 
at 4°C. The resulting upper phase was transferred again to a new micro-
centrifuge tube and 500 µl of isopropanol per 1 ml of TRI Reagent solution were 
added. Tube was spun on a vortex at moderate speed for 10 seconds and 
incubated at room temperature for 10 minutes. A third centrifugation was 
performed at 12000 x g for 8 minutes at 4°C to precipitate RNA. After the 
removal of the supernatant, the RNA pellet was washed with 1 ml of 75% 
ethanol per 1 ml of TRI Reagent solution and centrifuged at 7500 x g for 5 
minutes at 4°C. Ethanol was removed and the pellet was air died for 5 minutes 
                                                           
 
(3)
  Conversion to rpm can be performed according to the equation g = (1.118 · 10-5) R · S2 
where g is the relative centrifugal force, R is the radius of the rotor in centimeters, and S is 
the speed of the centrifuge in revolutions per minute. 
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at room temperature. RNA was finally resuspended in 50 µl of DEPC-H2O and 
stored at -80°C. 
For each RNA sample, cDNA synthesis was performed with iScript™ kit 
(p.c. 170-8891) purchased from Bio-Rad. Each 0.2 ml reaction tube contained 4 
µl of 5x cDNA synthesis kit buffer, 1 µl of iScript enzyme mixture, 1 µg of RNA 
and filled with nuclease-free water to reach a final reaction volume of 20 µl. The 
protocol included the following steps performed in a termocycler: 
  (1x)   25˚C for 5 minutes 
                    42˚C for 30 minutes 
                    85˚C for 5 minutes 
                      4˚C hold 
 
3.6. Specific primers design and RT-PCR 
Sequences of primers for the 6 putative genes identified in T. virens 
genome were deducted from the work of Catalano (2009), while the couple of 
specific primers utilized for expression analysis of the lcc1 gene in C. cinereus 
(here named RT I1201) was selected from the work of Yaver et al., 1999 (tab. 
3). Primers for control beta-tubulin housekeeping gene were designed on the 
corresponding CDS regions of T. virens (NCBI ref. AY158202.1) and C. 
cinereus (NCBI ref. AB000116) using the Primer3 software 
(http://frodo.wi.mit.edu/primer3/) (tab. 4). All primers were purchased by Sigma-
Aldrich and separately stored as a 100 µM solution at -20˚C. For direct use, a 
10 µM working solution was then diluted into a new collection tube.  
RT-PCR was performed with RUN DNA Polymerase 1000 U kit (p.c. 1001-
1000) purchased from A&A Biotechnology. Each 0.2 ml reaction tube contained 
1 µl of cDNA, 1.5 µl of forward primer 10 µM,  1.5 µl of reverse primer 10 µM, 
2.5 µl of dNTP mix 2 mM, 2.5 µl of PCR buffer 10x, 2 µl of MgCl2 50 mM, 1 µl of 
Poly Run polymerase 1U/µl and 13 µl of nuclease-free water. Amplification 
reaction was performed in a PCR machine programmed to alternate the 
following cycles: 
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 (1x)   95.0˚C for 4 minutes 
(35x)   95.0˚C for 30 seconds 
                    52.0˚C for 30 seconds(4) 
                    72.0˚C for 1 minute(5) 
  (1x)   72.0˚C for 4 minutes 
  (1x)     4.0˚C hold 
 
RT-PCR products were resolved by electrophoresis course on 1.2% 
agarose gel with TAE buffer 1x. Gel was prepared dissolving 0.30 g of agarose 
in 25 ml of TAE buffer 1x inside a 250 ml Erlenmeyer flask. The solution was 
melted inside a microwave oven and 2.5 µl of ethidium bromide were added just 
before casting the gel in a plastic cassette and placing the comb. 2 µl of gel 
running buffer 6x were added  to 10 µl of RT-PCR sample and loaded into the 
well with a micropipette, whereas lambda DNA/pstl marker was loaded as a 1:1 
solution with 1 µl of gel loading buffer 6x. The electrophoresis machine was run 
at 85 V for 60 minutes and results were displayed, recorded and digitally stored 
thanks to the Alphaimager® Mini instrument. 
 
 
 
  
                                                           
 
(4)
  Temperature was raised to 56°C for primer couples Cop beta-tub, Tri beta-tub… 
(5)
  Elongation time was raised to 1.5 minutes for primer couple RT I363. 
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RT I43(a) 
T. virens 
 
Fw 
Rw 
 
5’-TGAGTGTCCCTGTCTTGCC-3’ 
5’-TGGGTGAACTCGCCGTAG-3’ 
 
635 bp 
 
574 bp 
RT I176(a) 
T. virens 
Fw 
Rw 
5’-ATCCAGGAGCAGTCAGGC-3’ 
5’-AACTCAGCAAAGGCACCG-3’ 386 bp 386 bp 
RT I203(a) 
T. virens 
Fw 
Rw 
5’-ATGGGATTCTGTCGGCTG -3’ 
5’-ATTGGGTGCGTGAACTCG-3’ 685 bp 685 bp 
RT I222(a) 
T. virens 
Fw 
Rw 
5’-TGGAGTGCCTTCTGTGACG -3’ 
5’-TGACCAATACCAAGAGTGACG-3’ 531 bp 531 bp 
RT I304(a) 
T. virens 
Fw 
Rw 
5’-TACGCTCTTTGCCGATTG-3’ 
5’-TGTTACTATTCTTGCCCACC-3’ 954 bp 893 bp 
RT I363(a) 
T. virens 
Fw 
Rw 
5’-AGGCATTGAGATGTTTGG-3’ 
5’-TTTGTTGCTGTGCTTGTG-3’ 1326 bp  1270bp 
RT I1201(b) 
C. cinereus 
Fw 
Rw 
5’-ACTGCGATGGTCTCCGTGGTC-3’ 
5’-GGGGCCTGGGTTATCGGTGAC-3’     694 bp 614 bp 
 
Cop beta-tub 
C. cinereus 
 
Fw 
Rw 
 
5’-CTCAACCACCTCGTCTCCAT-3’ 
5’-CATCTCGTCCATACCCTCCT-3’ 
 
655 bp 
 
545 bp 
Tri beta-tub 
T. virens 
Fw 
Rw 
5’-CTGTCCAACCCTTCATACGG-3’ 
5’-GCCTCCTCCTCATACTCATCA-3’ 573 bp 573 bp 
Tab. 3. Sequences of PCR primers selected for lcc and lcc putative genes from the works of 
Catalano (a) and Yaver et al. (b). Fw: forward primer; Rw: reverse primer. 
Tab. 4. Sequences of PCR primers designed for beta-tubulin genes. Fw: forward primer; Rw: 
reverse primer. 
product size 
DNA cDNA 
product size 
cDNA DNA 
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3.7. Dyes decolorization test 
A decolorization test was performed on thirteen different azoic and 
antrachinonic textile dyes (commercial nouns listed in tab. 5) diluted into a liquid 
medium prepared as follows: 
• Liquid Medium (LM) – 5 g of glucose, 1.5 g of bacto-peptone, 0.5 g of 
yeast extract, 150 mg of MgSO4 and 350 mg of KH2PO4 were 
dissolved in 1 litre of deionized water. Final pH was adjusted to 5.5 
just before autoclaving at 121˚C for 20 minutes.  
Successively, 4 ml of liquid medium were added to a 10 ml plastic tube 
and 40 µl of each dye 10 mg/ml were separately injected in triplicate. An agar 
plug (ø = 6 mm) of T. virens mycelium was placed into the liquid substrate and 
tubes were incubated at 24°C for 6 days on a rotating shaker (130 rpm). 
Cultures were monitored daily and compared to a control LM solution without 
fungal mycelium to visually evaluate any eventual decolorization taking place. 
At the end of the incubation period, mycelia were removed from the tubes 
before performing final visual evaluation and taking photos. 
 
# dyes identification code 
1 AB 040 zetanyl blue B-2GL 
2 AR 266 zetanyl red B-2BSA  
3 AR 118 zetamin red M-PW 
4 AR 257 zetamin red L-NK 
5 AR - - - zetanyl red BSW/C 
6 AO 116 zetanyl orange C-SLF 
7 AY 048 zetamin yellow L-2GE 
8 AG 025 zetamin green G 
9 AB 113 zetanyl marine blue C-RN 
10 AB 062 zetanyl blue B-2RFF  
11 AY 199 zetanyl yellow B-5R 
12 AB 350 zetamin blue M-SW 
13 AR 337 zetanyl red B-NG  
Tab. 5. Dyes identification codes with relative commercial names. Code of dye number 5 was 
omitted because unavailable. 
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4. RESULTS 
 
4.1. ABTS assay 
Standard calibration curve of T. versicolor pure laccase is showed in figure 
10.  The well visible logarithmic phase and the plateau reached in most of the 
dilutions provide a solid reference scheme for the comparative evaluation of 
laccase activity in fungal filtrates. Yet, it is fundamental to remind that the 
standard calibration curve is generated at λ = 420 nm, while sampled filtrates 
are at λ = 405 nm. Confrontation of data coming from the ABTS assay 
conducted on fungal filtrates was aimed to provide a purely indicative 
quantification of laccase activity. In fact, reliable Km values specific for ABTS 
substrate of T. virens laccase were not available; the sole work of Baldrian 
(2006) reported useful data, but for T. versicolor laccase. Since T. versicolor 
pure laccase was available, drawing such a calibration curve has been 
regarded as the best solution for obtaining a reference sample that could be 
influenced by the same experimental fluctuations as the interested T. virens and 
C. cinereus laccase. Also, temperature optimum values (around 55°C) and 
molecular weight (around 70 kDa) were similar in T. versicolor and T. virens, 
thus putatively suggesting common enzymatic characteristics between the two 
laccases. 
C. cinereus has regularly showed a very low laccase activity (Abs < 0.150) 
in Hölker liquid medium from day 5th to day 9th of incubation (fig. 12). When 
observed, the mycelium showed an unusual growth habit as it was all scattered 
in small spherical colonies (ø < 2 mm) inside the flask. On the wheat straw 
medium, C. cinereus has registered higher values of laccase activity than the 
previous ones (fig. 13). Abs values grew from less than 0.200 during day 5th to 
almost 0.800 during day 7th, and then dropping down to 0.130 at the end of day 
9th of incubation. When testing the filtrate taken from liquid wheat straw 
medium, the additional presence of NaN3 5 mM inside the reaction mix leaded 
to a complete and perdurable inhibition of C. cinereus laccase activity (fig.11), 
discerning it from the vast pool of oxidative enzymes harbored by the fungus. 
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As a result, the fungal biomass grew faster and flourished inside the medium, 
attracting and holding visible lignocellulosic fragments on the mycelium surface. 
On both media C. cinereus maintained one of its typical physiological traits by 
developing no spores during its growth. Considered that the standard test was 
conducted at different molar extinction coefficient (ε420 = 36000 M-1 cm-1 instead 
of ε405 = 9000 M-1 cm-1), the relative concentration values obtained from the C. 
cinereus filtrates should be decremented of a 4x factor in order to be compared 
to the T. versicolor laccase calibration curve (A = ε · l · c). On the other hand, 
the ABTS concentration utilized for assaying the filtrates was 5 times lower than 
the one tested for sampled filtrates.  
T. virens has reported a singular result concerning laccase activity in 
wheat straw liquid medium (fig. 14). From day 4th to day 8th of incubation, no 
laccase activity was detected, as all the Abs values were < 0.040. This 
threshold is sufficiently low to convince that the presence of a negative trend 
was determined by the  initial variation of density caused by the injection of 
light-excited ABTS inside the solution. Despite of that, T. virens was growing 
into the liquid lignocellulosic medium manifesting the same adaptive 
characteristics of C. cinereus. Lignocellulosic fragments were adhering to the 
external surface of the mycelium and there was little or no evidence of 
sporulation during the whole incubation period. Results from the spore solution 
harvested from solid Hölker medium firstly showed medium-low values, since 
the Abs scored around 0.230 during day 4th (fig. 15). Successively, the Abs 
value reached a maximum of 0.526 and 0.552 on days 6th and 8th respectively. 
Laccase activity coincided with the beginning of the abundant sporulation that 
took place on the surface of the colony between day 3rd and 4th of growth. As a 
remarkable trait, developing spores showed a characteristic greenish 
colorization. When testing again the spore solution from solid Hölker, the 
additional presence of NaN3 5 mM inside the reaction mix leaded to a complete 
and perdurable inhibition of T. virens laccase activity (fig.11), thus proving that 
the ABTS oxidation is all mediated by the enzyme of interest. The apparent lack 
of T. virens laccase activity in wheat straw liquid medium was confirmed also by 
the results of the nutrient matrix test (tab. 6). Whilst C. cinereus laccase activity 
was both positively and negatively influenced by the same combinations of 
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components as seen in the work of Chhaya and Gupte, T. virens was totally 
unaffected by anyone of the combinations. In particular, the co-presence of 
CuSO4⋅5H2O and peptone in higher concentration (++) determined a 
progressive loss in C. cinereus maximum laccase activity taking place after day 
5th and perpetrating through days 7th and 9th of incubation on wheat straw liquid 
medium (tab. 6). When looking to results obtained by Chhaya and Gupte, the 
combination “high CuSO4⋅5H2O and peptone” (++) registered an average of 140 
U/g against one of 294 U/g for laccase production in all the other possible 
combinations (not ++). 
 
 
 
 
 
 
 
 
 
 
  
Tab. 6. Results for the nutrient matrix, including the laccase maximum Abs value registered 
during the whole incubation period and the trend indicating the progressive variation of 
laccase activity from day 5th to day 9th of incubation (green arrow = positive, red arrow = 
negative and black arrow = neutral). Combinations of nutrient determining a negative 
trend in C. cinereus are highlighted. 
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Fig. 10. T. versicolor pure laccase calibration curve performed with ABTS assay. Seven 
different concentrations of laccase, ranging from 50 to 1,25 mu, were loaded in 1 
ml cuvette. One unit of laccase activity was defined as the enzyme amount 
oxidising 1 µmol of substrate per minute (Johannes and Majcherczyk, 2000). 
Fig. 11. ABTS assay on C. cinereus filtrate taken from liquid wheat straw medium and T. 
virens spore solution harvested from Hölker solid cultures. Inhibitor NaN3 5 mM was 
added to the reaction well 2 minutes before running the test. Samples were taken at 
days 4th, 6th and 8th of growth. 
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Fig. 12. ABTS assay on C. cinereus filtrate from Hölker liquid cultures. Samples were taken at 
days 5th, 7th and 9th of growth. 
Fig. 13. ABTS assay on C. cinereus filtrate from wheat straw liquid cultures. Samples were 
taken at days 5th, 7th and 9th of growth. 
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Fig. 14. ABTS assay on T. virens filtrate from wheat straw liquid cultures. Samples were 
taken at days 4th, 6th and 8th of growth. 
Fig. 15. ABTS assay on T. virens filtrate from Hölker solid cultures. Samples were taken at 
days 4th, 6th and 8th of growth. 
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4.2. RT-PCR analysis 
C. cinereus 
Primers specific for C. cinereus β-tubulin have originated a RT-PCR 
product of expected size: one band of size 545 bp for each cDNA sample and 
one band of 655 bp for the control DNA (fig. 16). RT-PCR products generated 
with primers specific for lcc1 laccase gene were visualized as a band of 
approximately 614 bp in four out of six cDNA samples (fig. 17): a weak signal 
was evident at day 5th of incubation on Hölker liquid medium (Hö5), while on 
wheat straw liquid medium a strong band appeared at day 5th of incubation 
(Ws5) progressively fading away through days 7th and 9th of growth (Ws7 and 
Ws9). Considering the small intron present in C. cinereus lcc1 gene, control 
DNA generated a band of 694 bp as expected (not shown). 
T. virens 
Again, primers specific for T. virens β-tubulin clearly generated the 
expected 574 bp transcript on solid Hölker and on liquid wheat straw media (fig. 
18). Regarding to laccase genes, five out of six showed some expression with 
variable signals, while the gene 363 did not show the > 1200 bp long expected 
transcript in any of the tested conditions. The >500 bp long transcript of gene 43 
was present on solid Hölker medium at day 4th with a moderate expression 
(Hö4) and in liquid wheat straw medium with a weak expression at days 4th and 
8th (Ws4 and Ws8) (fig. 19). The <400 bp long transcript of gene 176 was 
strongly expressed on solid Hölker medium at day 4th (Hö4) and in all times 
assayed on liquid wheat straw medium (Ws4, Ws6 and Ws8) (fig. 20). The gene 
203 showed a very weak transcript, <700 bp long, on solid Hölker medium at 
day 4th (Hö4) and in liquid wheat straw medium at days 4th and 8th (fig. 21). For 
gene 222, only one highly expressed transcript, >530 bp long, was found on 
solid Hölker medium at day 4th (Hö4) and no other signal was perceived in the 
other samples (fig. 22). The gene 304 generated a weak transcript, <900 bp 
long, on solid Hölker medium at day 4th (Hö4) and in liquid wheat straw medium 
at days 4th and 8th (Ws4 and Ws8) (fig. 23). 
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Fig. 16. Gel test of RT-PCR products 
generated with C. cinereus β-
tubulin primers. 
Fig. 17. Gel test of RT-PCR products 
generated with C. cinereus 
lcc1 primers. 
Fig. 19-24. Gel test of RT-PCR products generated with T. Virens primers 
respectively for genes 43, 176, 203, 222, 304 and 363. 
Fig. 18. Gel test of RT-PCR products generated 
with T. virens  β-tubulin primers. 
  
                   
222 304 363 
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4.3. Textile dyes decolorization mediated by T. virens 
 
Another possible function achieved by laccases deals with the generic 
ability to degrade dyes with applications for bleaching or decolorizing 
processes. Therefore liquid cultures containing thirteen textile dyes were set up 
and T. virens succeeded in efficiently decolorizing three of them through six 
days of incubation: AR 118 zetamin red M-PW, AO 116 zetanyl orange C-SLF 
and AB 350 zetamin blue M-SW. While AR 118 and AO 116 were degraded at a 
medium-high level, AB 350 was almost completely clarified (fig. 25). Few other 
dyes, like AB 040, AY 048 and AR 257, displayed only a low decolorization 
level, with the latter already decolorized at day 2nd of incubation. No detectable 
decolorization was evident for all remaining dyes.  
 
When looking at chemical formulas of tested dyes, some consideration 
could be drawn about the three which were decolorized by T. virens. Except for 
AO 116, whose formula was still unavailable, AB 350 and AR 118, were 
observed to share a common characteristic at structural level: both molecules 
included an amide of sulphonic benzoic acid, which could be considered the 
hypothetic target of an unspecified enzymatic cleavage. 
Fig. 25. Textile dyes decolorization test of A) AR 188, B) AO 116 and C) AB 350. Control LM 
solution added with single dye is showed on the left side of each image. 
A B C 
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5. DISCUSSION 
 
This work has investigated the laccase activity in antagonistic fungus T. 
virens in comparison with the white-rot fungus C. cinereus, a basidiomycete 
which holds, along with laccases, the most vast and efficient pool of specific 
wood degrading enzymes as peroxidases and manganese peroxidases. Instead 
in T. virens, an antagonist of soilborne pathogens, laccase represents the main 
tool for attacking lignocellulosic materials; besides it has been so far associated 
to the sporulation process (Hölker, 2002) and to the decay of sclerotia in some 
phytopathogenic fungi (Catalano, 2009; Catalano et al., 2010). These two 
mechanisms imply enzymatic localizations which are expected to be 
substantially different: extracellular in mycoparasitic interactions and 
intracellular or cell wall-bound in morphological development (Hölker, 2002). 
In this thesis the laccase activity and the regulative expression of six 
relative genes with respect to ligninolysis process and sporulation mechanisms 
were studied in T. virens. The experimental system included two different 
substrates in order to reproduce both conditions of laccase inductive and 
repressive environment. Liquid wheat straw, with lignocellulose as the only 
carbon source, and solid Hölker, with glucose as a carbon source, were 
respectively selected as the inductive and repressive media.  
The biochemical analysis was performed by means of ABTS 
spectrophotometric assay to evaluate laccase activity on two diverse samples: 
filtrates derived from wheat straw liquid cultures for the extracellular enzyme or 
spores harvested from solid Hölker medium for the intracellular enzyme. On the 
other side the expression analysis was performed on the same samples by RT-
PCR with primers specific for six T. virens laccase genes and one C. cinereus 
lcc gene. In general, the ABTS assay was confirmed as a reliable and sensible 
screening test for laccase activity. Experimental conditions at room temperature 
were considered optimal for the evaluation of laccase activity occurring at 
temperatures suitable for mesophilc soil- and leaf litter-dwelling fungi.  
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In C. cinereus grown on liquid wheat straw medium, a peak in laccase 
activity was detected at day 7th of incubation, whereas a relatively lower activity 
was present at days 5th and 9th. This activity was taken as indicative for the 
physiological role laccase plays during the degradation of lignocellulosic 
compounds. Since wheat straw represented the only carbon source into the 
liquid substrate, C. cinereus was induced to secrete extracellular enzymes in 
order to get access to the nutrients as seen for the period lasting from day 5th to 
day 9th of incubation. However, in Hölker liquid medium C. cinereus was not 
capable of developing a dense and compact mycelial mass, but formed small 
scattered colonies. During the whole incubation period, laccase activity was at 
near to zero levels, thus confirming that C. cinereus did not rely on extracellular 
laccase in this condition to regulate any significant nutrient uptake process.  
The expression analysis relative to C. cinereus lcc1 gene with samples 
grown on wheat straw and Hölker media produced interesting results. Evident 
signals of laccase transcript were visible in wheat straw liquid media, where the 
more intense came out at day 5th of incubation, theoretically corresponding to 
the enzymatic peak screened with the ABTS assay at day 7th of incubation. 
Likely, RNA synthesis took place before the laccase could be accumulated and 
secreted into the extracellular compartment, where it became efficiently able to 
exhibit its ABTS oxidizing activity. However, on mycelium derived from Hölker 
liquid medium a transcript was displayed at day 4th of incubation probably 
representing the intracellular activity held by C. cinereus. In conclusion, the 
laccase activity relative to the lcc1 gene of the white-rot fungus C. cinereus has 
been proved to be triggered in the presence of lignocellulosic biomass, playing 
an active role during the process of lignin degradation.  
In T. virens, none laccase activity was detected during the 9 days of 
incubation on liquid wheat straw substrate. All tests showed only an initial 
fluctuation due to the ABTS injection, thus it could not be considered as a 
relevant extracellular enzymatic activity. Despite of this lack of laccase activity, 
T. virens grew degrading the lignocellulosic material in the substrate without any 
other carbon source. Successively, tests conducted on the spore solution taken 
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from solid Hölker media, showed a relevant laccase activity during all the 
incubation period, reaching its maximum at days 6th and 8th of growth. Such a 
result was taken as a convincing evidence of the presence of non-extracellular 
T. virens laccase, which was supposed to be strongly bound to the spores’ cell 
walls. Moreover, the inhibitor NaN3 was able to discern true laccase activity 
from other T. virens oxidative enzymes that could cross react with the ABTS 
molecule. As a direct consequence, it was not to be said that laccase did not 
influence at all the lignocellulose degradation inside liquid wheat straw medium.  
The expression analysis performed on the six T. virens laccase genes 
suggested different roles of coded enzymes which appear to be involved in 
regulation of multiple mechanisms, as expected from a moonlight activity 
(Baldrian, 2006). Except for gene 363, RT-PCR performed on RNA generated a 
specific laccase transcript for all other samples although at variable level. The 
gene 222 was highly expressed only at early stages in the non-lignocellulosic 
medium, so suggesting a specific role in the regulatory mechanism of 
sporulation. On solid Hölker medium laccase should not be induced for a 
lignocellulosic role, due to the presence of an easily accessible carbon source 
as glucose, but it is supposed to mainly act in regulating the morphological 
development of spores. The gene 176 showed the same temporal pattern on 
non-lignocellulosic medium with a higher expression level, but it was also 
strongly and constantly activated on the inductive wheat straw substrate; 
therefore this gene could represent the only tested function involved in both 
processes, sporulation and lignocellulose degradation. On the other hand, 
genes 43, 203 and 304 showed a weak expression in both growth conditions, 
thus suggesting a marginal role of their products in specific studied 
mechanisms. Additional hypothesis can be then formulated about association 
between T. virens laccase genes and its antagonistic activity based on 
competition for nutrients, such as natural wheat straw residues in soil. In 
particular the gene 176 being activated by wheat straw could be responsible of 
T. virens better fitness in soil than against telluric pathogens. 
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Moreover, additional insights on the role of those genes came out from a 
previous work studying mycoparasitic interaction of T. virens with sclerotia of B. 
cinerea and S. sclerotiorum (Catalano, 2009). According to this study, genes 43 
and 176 resulted to be constitutively expressed, genes 222 and 304 were 
induced during mycoparasite/pathogen sclerotia interaction and genes 203 and 
363 were poorly expressed even in control conditions. Further investigation 
based on gene inactivation implied a direct role of the gene 304 in decaying B. 
cinerea sclerotia (Catalano et al., 2010). As a matter of fact, the presence of 
differently triggered laccase functions in response to different stimuli confirmed 
the wide adaptive genetic background evolved by T. virens in order to regulate 
this moonlight enzyme. 
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6. CONCLUSIONS 
 
This thesis provided interesting information about some biochemical and 
molecular properties of T. virens laccase. Anyway further studies will be needed 
to investigate in details the regulation of the laccase expression in more 
experimental conditions in order to elucidate its involvement in different 
mechanisms. T. virens laccase genes could be characterized regarding to their 
activation in response to specific polyphenolic compounds, which could include 
several molecules of industrial interest too. Preliminary data about textile dyes 
decolorization could promote innovative development inherent to industrial and 
biotechnological applications. A T. virens non-extracellular laccase which 
maintains the characteristic to bind a membrane could imply interesting 
applications in new immobilized protocols for degradation of dyes and other 
recalcitrant compounds. Immobilization on a biofilm or inside a matrix by 
chemical bonds could improve the enzyme activity retention (Durán et al., 
2002).  
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